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1. INTRODUCTION

Vibrational relaxation of water vapor has been studied by various techniques including
laser-induced fluorescence (LIF),!# laser pump/probe,’ E-V transfer from electronically
excited halogen atoms,®’ ultrasonic absorption and dispersion,®® shock waves,!® and H,0
laser gain.!! LIF measurements have provided detailed information on relaxation of and among
the vy, »5, 2v;, and vy vibrational levels. An unusual picture has emerged of very efficient
V-T,R relaxation of the bending vibrational levels and less efficient V-V relaxation between
bending and stretching modes. V-T,R self-relaxation of the lowest energy (v, bending) level
has been studied over a broad temperature range by LIF, ultrasonic, and shock tube methods.
The observed negative temperature dependence of the relaxation probability below ~ 1000K is
attributed to the effect of strong hydrogen bonding forces. Theoretical models'?-14 suggest that
attractive forces and rotational motion are critical factors in the vibrational relaxation of H,O.

In the present study, rate constants are measured for relaxation of the equilibrated », and
vy stretching levels, the 2v, bending overtone level, and the », bending level of water by H, and
HCl. The dominant paths for relaxation of the stretching and bending overtone levels are
determined from the total relaxation rate constants and fluorescence intensity measurements.
Relaxation by the hydrogen bonding molecule HCl is found to be very similar to H,O
self-relaxation in both the magnitude of the total relaxation rate constants and the relative
unimportance of intermolecular V-V transfer. Self-relaxation of the stretch-plus-bend
combination levels of H,O is also investigated. Relaxation is found to be extremely efficient and
dominated by V-V transfer from stretching to bending modes.




II. EXPERIMENTAL

The experimental apparatus used in this study has been described in detail elsewhere.*
A brief description with details relevant to the present work is given here. The experiments
were conducted in a quartz flow tube at 295K at pressures of 1-42 Torr. A flow of H,0 mixed
in a carrier gas (Ar or Hy) was delivered to the flow tube from a large reservoir bulb. The
adjustable mole fraction of H,O was determined by the vapor pressure of a pool of liquid water
in the reservoir bulb and the total bulb pressure, which was maintained by a servo-controlled
flow of the carrier gas bubbled into the reservoir through the pool of water. Very small mole
fractions of H,O in the carrier gas were achieved by mixing the calibrated reservoir flow with
a calibrated flow of pure carrier gas in the flow tube. For measurements of relaxation by HCI,
a calibrated flow of a fixed concentration of H,O in Ar from the reservoir bulb (i.e.,
[H,0]/[Ar]=0.0794) was combined in the flow tube with an adjustable, calibrated flow of pure
HCI to achieve a range of HCl mole fractions. Argon (Air Products research grade,
>99.9995%), H, (Air Products ultra high purity grade, >99.995%), HCl (Matheson
semiconductor grade, >99.995%) and water (distilled, deionized, and degassed by

' freeze-pump-thaw cycles) were used without further purification.

Laser-induced fluorescence experiments were conducted at an observation cross in the
flow tube, where H,0 molecules were excited by a Nd: YAG-pumped, frequency difference laser
system (5-6 ns pulsewidth, 2.5 mJ/pulse at 2.6 um, 5.0 mJ/pulse at 1.9 um). Vibrational
fluorescence was imaged on a fast Cu:Ge detector (~ 100 ns RC time), and the resulting signal
was amplified and signal-averaged. In measurements of relaxation by H, and HCl, the H,0 was
initially excited to the v5 vibrational level with the laser tuned to A=2.5946 um to maximize
coincidence with the JK K ~»J'K/K! = 321422, 404505, and 312413 rotational transitions
of the absorption band.!> In measurements of relaxation by H,, fluorescence at 2.7 um from
the H,O »; (and to a much lesser extent »;) vibrational level was isolated by a combination of
a long wavelength pass interference filter with a half-power point of 2.67 um and an IR grade
quartz flat acting as a short wavelength pass filter with a half-power point of 4.1 um. In
measurements of relaxation by HCI, the H,O 2.7 um fluorescence was isolated by a bandpass
interference filter with half-power points of 2.67 and 2.89 um. Possible HCl(v=1-0)
fluorescence was isolated by a combination of a long wavelength pass filter with a half-power
point of 3.24 um and an IR grade quartz flat acting as a short wavelength pass filter. In all
mixtures, fluorescence on the 2v,~», and »,~0 transitions of H,O at 6.3 um was isolated by a
combination of a long wavelength pass filter with half-power point at 5.05 um and a MgF, flat
acting as a short wavelength pass filter with half-power point at 8.5 um. The 6.3 um
fluorescence was recorded with a cold gas filter (8 cm path, 19 Torr H,0) in the optical path
to pass only 2v»,-»», fluorescence, as well as with the filter evacuated to pass both 2»,-s», and
vy—0 fluorescence.




In measurements of the relaxation of the combination vibrational levels, H,O was initially
pumped to the »,+»5 level with the laser tuned to A=1.8997 um to coincide with the
JK K ~J'K.K. = 303202 rotational transition of the vand.!® The populations of the »,+v4
combination level and the »; fundamental level were monitored by observing 2.7 um
fluorescence on the »3+»,-»v, hot band and »;-+0 fundamental band, respectively. Both bands
were isolated from other fluorescence by a combination of a long wavelength pass filter with a
half-power point at 2.60 um and a quartz flat acting as a short wavelength pass filter. The two
bands were separated from each other by using a cold gas filter in the optical path.




IIT. RESULTS AND ANALYSIS
A. RELAXATION OF H,0 BY H,

The general kinetic scheme for relaxation of the fundamental stretching and lower energy
bending vibrational levels of H,O has been described in detail elsewhere.!* We use the
previous notation for numbering vibrational levels and kinetic rate constants with some additions
for new levels and relaxation processes. It has been demonstrated experimentally for H,O
self-relaxation,! and suggested by theoretical calculations for relaxation by Ar,!” that relaxation
between the nearly resonant »; and »5 stretching levels of H,O is approximately gas kinetic and
much faster than relaxation out of the stretching levels. After an initial rapid equilibration, the
vy and vy levels relax together as a single reservoir which we designate by the notation » 5.
The processes for V-T,R and intramolecular V-V relaxation of the stretching reservoir by
collision partner M (=H, in this case) are given by

HO(v,y) + M T8 H,02v,) + M + 604 cm™ M)
ksll,u 1 2)

HO®M, ) + M —> H,0(v,) + M + 2161 cm
HO(v,y) + M Koy H,0 + M + 3756 cm™ &)

The energy defects are given for the »5 level and are 99 cm™! smaller for the », level.'® The
rate constants for relaxation of the stretching level reservoir are the Boltzmann-weighted
averages of the rate constants for the individual »; and »; levels. For relaxation of the bending
overtone level, the relaxation processes are
/
HO@v) + M YL o) + M+ 1557 cm? @

1L”‘Iarzo(zvz) o By HO + M + 3152 cm™!

For relaxation of the bending fundamental level, the relaxation process is
k
HOWM,) + M 2% HO + M + 1595 cm™ ©)
Relaxation by H, may also involve the intermolecular V-»V process

HIO(vl_,) + H, *—;_V—'f'_-& H,0 + Hy(v=1) - 404 cm™! O]
-3V.H,

The total relaxation rate constants k; y, kj g, and k, y are defined as the sum of the rate
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constants for all relaxation paths from the »; 5 reservoir, the 2», level, and the », level,
respectively.

In the absence of intermolecular V-»V exchange between H,O and H,, the solution to the
differential equations implied by Eqgs. (1) through (6) is straightforward.!** The population of
the »; 5 stretching reservoir (2.7 um, »; 50 fluorescence) decays as a single exponential with
the total »; 3 reservoir relaxation rate constant k3 . The population of the 2, level (6.3 um,
2v,-»v, fluorescence) follows a rise/fall double exponential with one relaxation rate constant
identical to k3 1y, and the other equal to the total 2, level relaxation rate constant k2,H2'
Finally, the populzation of the », level (6.3 um, »,-0 fluorescence) follows a triple exponential
with two of the relaxation rate constants identical to k3,H2 and kz,H and the third equal to the
v, level V=T R relaxation rate constant kl,H2 (= klO,H ). Equivalently, one may extract
kl,Hz from the total 6.3 um fluorescence (2v,-»v, plus »,—0), which is a triple exponential with
the same relaxation rate constants as the »,—»0 fluorescence.

Relaxation rate constants were measured for the »; 5 stretching level reservoir, the 2v,
level, and the v, level of H,O as a function of the mole fraction of H,O in H,. The decay of
the 2.7 um, », ;-0 fluorescence was a simple single exponential for all H,O mole fractions.
Small corrections for diffusion of vibrationally excited H,O out of the detector field of view*
were made to the experimental relaxation times (i.e., < 3.5% in the worst case). The observed
rate constants (i.e., 1/Pyq T elaxation) fOr relaxation of the »; 5 reservoir are shown in Figure 1
as a function of H,O mole fraction. No evidence was seen in the temporal shape or amplitude
of the fluorescence signals for intermolecular V-V equilibration between H,O and H, prior to
relaxation of the stretching levels. A rate constant reported!? for vibrational relaxation of
H,(v=1) by H,O implies, by detailed balance, an upper limit on k3V,H2 in Eq. (7). The limit
is a factor of ~ 60 smaller than the total relaxation rate constant k3,H measured here in the
limit ¢ infinite dilution of H,O. Thus, the inicrmolecular V-»V process makes a negligible
contribution to relaxation of H,O(» ;) by H,. The 6.3 um, 2»,-»», fluorescence observed
through a cold gas filter was fit by a rise/fall double exponential and gave rate constants for the
fluorescence fall which were identical to those obtained from the 2.7 um fluorescence decay and
rate constants for the rise which are shown in Figure 1. Finally, the relaxation rate constants
for the v, level in Figure 1 were obtained by fitting a triple exponential to the total 6.3 um
fluorescence (i.e., 2v,—+v, plus v,—~0) while fixing two of the relaxation times at the times
derived from the »; ;-0 and 2»,~v, fluorescence signals for the same gas sample. The
intercepts of the least-squares linear fits to the data for the different vibrational levels give the
total relaxation rate constants k3,H 5 kz,H ) and kl,H ) for relaxation of H,O by H,, which are
listed in Table 1.

In addition to the total relaxation rate constants, some information may also be deduced
about the importance of competing, path-specific rate constants for relaxation of the stretching
reservoir and bending overtone level of H,O by H,. The relative amplitudes of the 6.3 um,

10




0 0.05 0.10 0.15 0.20
H20 Mole Fraction

Figure 1. H,O Vibrational Relaxation in H,O/H, Mixtures. The observed
relaxation rate constants are for the », 5 reservoir (O), », level (a), and 2, level
(0). The experimental uncertainty in the ordinate of a data pointis +10%. The
lines are error-weighted, least-squares linear fits to the data.
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Table 1. Rate Constants for Vibrational Relaxation of H,O at 295K.

Vibrational Collision km pb
level partner
i M (cm3 molecule! s1)
v3® H, 8.0 +1.1 x 1013 1.6 x 103
2v, H, 2.9 +0.4 x 1012 6.1 x 103
v H, 1.3 £0.2 x 10°12 2.7 x 10°
vy3® HCI 8.4 +1.2 x 1012 0.040
2, HCI 4.7 +0.7 x 107! 0.22
v HCI 2.4 +£0.4 x 107! 0.12
vy 3+¥ H,0 1.6 +0.2 x 10'1° 0.79
vy 3+ Ar <6x10"3 <3 x 103

® Total relaxation rate constant for level i by collision partner M. The uncertainty is +20
determined from the least-squares linear fits to the experimental data.

b Relaxation probability, P = ki m/Kgi M» Where k. ¢ is the gas kinetic collision rate constant
calculated using collision diameters of 2.8, 2.96, 3.3, and 3.4 A for H,0, H,, HCI, and Ar,
respectively.

© The notation », 5 is used to indicate that the | and »4 levels are in rapid equilibrium and relax

together as a single reservoir. The same is presumed to be true for the »;+», and ¥3+»,
combination levels where the reservoir of equilibrated levels is designated »; 3+v,.

12




2v,-», and »,~>0 fluorescence signals may be combined with the radiative lifetimes on the two
transitions and the measured total relaxation rate constants to experimentally define the quantities
C Hy (= k'pq Hy ) and Zyy, (= k'31,H /k32,H2)- The definitions of C; and Z in terms of
experimental parameters are discussed in detail elsewhere.* The values derived for relaxation
of H;0 by H, were Cy g, = 2.3 £0.6 X 102 cm® molecule’! sec”! from a plot of C, vs.
H,0 mole fraction and ZH2 = 0.15 £0.15 in the limit of infinite dilution of H,O. The value
for CI,H2 gives the expected result that relaxation of the 2», level by H, is dominated by the
single quantum V-T,R process (i.e., k'21,H2/k2,H2 = 0.8 £0.2). The value for Zy
determines that V-V relaxation of the stretching reservoir to the v, level is much less efficient
than relaxation to the 2», level (i.e., k'3 H, k3o Hy = 0.15 £0.15). In addition, if it is
assumed that the rate constant k3 H, for V—»T R relaxation of the v, 3 reservoir to the ground
state is smaller than the rate constant k'31,H for the much less exothermic V-»V relaxation to
the », level, then the experimental value of Zyy,, also implies that the stretching reservoir is
relaxed predominantly to the 2», level (i.e. ’k32,H /k3,H ) > 0.6). The conclusions concerning
path-specific rate constants are summarized in Table 2.
The H,0/H, mixture results also determine rate constants and branching ratios for H,O
self-relaxation. The slopes and intercepts of the fits in Figure 1 give values of 5.5 +0.6, 12.8
+1.3, and 3.2 $0.3 X 10! cm® molecule! s for the total self-relaxation rate constants
k; JHy0r ko HZO’ and kg HZO’ respectively. The results are identical (3 7%) to those
measured previously in mixtures of H,0 with He and Ar.* The parameters* C1,H,0
(= 2k3), H,01K21,H,0) and Zpy,o (= [2k3; Hy0 K31, Hy01/k3g, Hy0) Were aso
determined expenmentzaly to be 7. 7 +1.7 x 10-11 em? molecile? s and 0.32 +0.16,
respectively. The results determine the branching ratios for H,O self-relaxation listed in Table
2 along with previous measurements.!** The H,O self-relaxation processes are defined by Eqgs.
(1) through (6) with M=H,0 and by the additional intermolecular V-»V processes

H,0(v,;) + H,0 Guma, 2H,0(v,) + 566 cm! @)
H,0Q2v,) + H,0 Hamg 2H,0(v,) - 38 cm™ . ©)
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B. RELAXATION OF H,0 BY HCI

The V-T,R and intramolecular V-»V processes for relaxation of H,O by HCI are
described by Eqs. (1) through (6) with M=HCl. In addition one must consider the
intermolecular V-»V processes

H,0(v,;) + HCl 78 H,0 + HCI(v=1) + 870 cm™* (10)
H,0(2v,) + HCI 2080, H,0 + HCI(v=1) + 266 cm™! (11)
-2V,HCI

where the energy defects are given for H33Cl. It is demonstrated experimentally that the
intermolecular V-»V processes make minor contributions to relaxation of the H,O stretching
reservoir and bending overtone level (see below). Consequently, the relaxation of H,O by HCI
is described essentially by Egs. (1) through (6).

Relaxation of H,O by HCI was studied in mixtures of HCl in an H,O/Ar carrier gas of

fixed composition (i.e., [H,0]/[Ar]=0.0794). Fluorescence signals were observed from the
'v13, 2¥5, and p, vibrational levels of H;O. Decay of the 2.7 um, »; 3~0 fluorescence was a
simple single exponential in all mixtures, giving the relaxation rate constants plotted in Figure
2 as a function of HCI mole fraction. The slope and intercept of the least-squares linear fit to
the data give the total rate constant k; y¢, for relaxation of H,O(v; 5) by HCl, which is listed
in Table 1.

Attempts were made to observe fluorescence from HCl(v=1) at pressures of 1.2-3 .6 Torr
in mixtures with Xy =0.42, where ~70% of the relaxation of the HyO(», ;) reservoir is by
HCl. No fluorescence was observed above the detector noise level. Upper limits of
0.040-0.070 were placed on the ratio of the maximum in the HCIl(v=1-0) fluorescence intensity
to the initial fluorescence intensity from the equilibrated »; and »5 levels of H,O. Combined
with the radiative lifetimes of the H,0!3-20 and HCI?! transitions, the measured transmittances
of the optical elements over the H,O and HCl emission bands, and corrections for
self-absorption of fluorescence in the flow tube, the results place a conservative upper limit of
~0.032 on the ratio of the maximum in the concentration of HCl(v=1) to the initial
concentration of H,O(»; ). The experimental upper limit on the concentration ratio and the rate
constants for relaxation of H,O(v, 3) by H20,4 Ar,2 and HCI (Table 1) and for relaxation of
HCI by H,0 (Ref. 22 upper limit), Ar,? and HCI?22* place an upper limit on the contribution
of the intermolecular V-»V process in Eq. (10) to the total rate constant for relaxation of
H,0(v; 3) by HCl. Numerical integration of the differential equations for the H,O(»; ;) and
HCl(v=1) level populations determine the conservative upper limit, kyy yci/ks ycy < 0.08.

Since vibrational transfer from the », 5 reservoir to HCl(v=1) is relatively unimportant,
the kinetic equations describing the population of the 2», level are simplified. In addition, any
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Figure 2. H,O Vibrational Relaxation in Mixtures of HCI in an H,O/Ar
Carrier Gas. The fixed carrier gas composition was 7.36% H,O and 92.64%
Ar. The observed rate constants are for relaxation of the »; 5 reservoir ( 0O), »,
level (a), and 2, level (O0). The lines are error-weighted, least-squares linear
fits to the data.
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contribution from the intermolecular V-+V process in Eq. (11) is heavily forward biased (i.e.,
kZV,HCIXHCl/ k—2V,HClXH 0 > 9 for XHCl > 0.15). Therefore, the solution to the
differential equations describing the H,O(2»,) time-dependent population is essentially the
solution given previously for relaxation by a collision partner with no vibrations that participate
in the relaxation process. The 6.3 um, 2v,~, fluorescence was fit well by a rise/fall double
exponential and gave relaxation rate constants for the fluorescence fall equal to those observed
from the 2.7 um, », 30 fluorescence decay and rate constants for the fluorescence rise which
are plotted in Figure 2. The slope and intercept of the least-squares linear fit to the fluorescence
rise data give the total rate constant k; yc, for relaxation of H,O(2»,) by HCI, which is hisied
in Table 1.

An upper limit on the contribution of the intermolecular V-V process in Eq. (11) to the
total rate constant for relaxation of H,O(2»,) by HCI can be estimated from the previously
described experimental upper limit on the HCl(v=1-0) fluorescence intensity from mixtures
with Xy = 0.42, where ~78% of the relaxation of the 2», level is by HCL. 1t is first
necessary to establish the fraction of the total rate constant for relaxation of the »; 3 reservoir
which is due to relaxation to the 2», level. For relaxation of ») 3 by H,O, we use the
experimental lower limit,* k32,H20’k3,H20 > 0.4. For relaxation by HCI, the intermolecular
V-V relaxation process was shown to be relatively unimportant. For the intramolecular process
we use a lower limit, k3, yo/ks yoy > 0.4, equal to the limit for HyO self-relaxation.
Relaxation by Ar is not significant (i.e., < 1%)?2 in the gas mixtures used here. The lower
limits on ks /K3 )y, the experimental upper limit on the maximum relative concentration of
HCl(v=1), and the maximizing assumption, kjy yc;=0, establish an upper limit on the
intermolecular V-V rate constant ky yc;. The upper limit on kjy ¢y Was determined by
numerical integration of the differential equations for the H,O(v, 3), H,O(2»,), and HCl(v=1)
level populations, using the previously noted experimental upper limit on the maximum in the
concentration of HCI(v=1) relative to the initial concentration of H,O(»; 3), the rate constants
for relaxation of HO(2»,) by H20,4 Ar,2 and HCI (Table 1), and the previously noted rate
constants for relaxation of HyO(»; ;) and HCl(v=1). The result is the conservative upper limit,
kv na/kna < 0.16.

Since energy transfer from both the »; 5 and 2», levels of H,0 to HCl(v=1) is relatively
unimportant, the solutions to the kinetic equations describing the population of the », vibrational
level are essentially those for relaxation of H,O by a collision partner with no vibrations that
participate in the relaxation process. The 6.3 um, 2vy—~», plus »,-+0 fluorescence was fit to a
triple exponential with two of the relaxation times fixed at the relaxation times derived from the
v1 370 and 2v,-», fluorescence signals for the same gas sample. The observed relaxation rate
constants for the v, level are plotted in Figure 2 as a function of HCI mole fraction. The slope
and intercept of the least-squares linear fit give the V-T,R rate constant k; yc,, which is listed
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in Table 1.

Finally, in the approximation that intermolecular V-V transfer from H,O to HCI is
negligible, the relative amplitudes of the 2»,-»», and »,—0 fluorescence signals provide
information about path-specific relaxation rate constants through the parameters* Cina
(= k'5) gep) and Zye; (= k'3 yer'ksoue)-  The results are analogous to those discussed
previously for relaxation by H,. The experimental values were C; yc; = 3.9 £1.1 X 10! cm?
molecule! s! and Zye = 0.10 +0.10. The results imply the rate constant relationships,
k51, wer'ko mey = 0.8 £0.2 and k'3 yey/ksp gy = 0.10 £0.10. In addition, if it is assumed
that k'3; gy > Kk3o,cps then the value for Zye; implies k3 yoy/'ks o > 0.7. The derived
branching ratios are summarized in Table 2.

C. RELAXATION OF THE »;+», AND »;+», LEVELS OF H,0O

The processes relevant to relaxation of the »;+», and v3+», combination vibrational
levels of H,O are described in Egs. (12) through (16). The previous vibrational level numbering
system!* has been extended to include the 3v,, v, +,, and v;+v, levels which are numbered
6,8, and 9, respectively. Equilibration between the combination levels is described by the
process

H,0(v,+v,) + M%‘_ﬂ» H,O(v,+v,) + M + 96 cm™ (12)
9,M

Relaxation out of the combination levels to the 3», bending overtone level and to the »; 5
stretching level reservoir is described by the processes

H,0(v, 3+v,) + H,0 f"i‘i H,0(3v,) + H,0 + 664 cm™! (13)
k‘;S.H,o 1 (14)

H,O(v, 3tV + H,0 ——> Hzo("u) + H,O(v,) - 19 cm

H,O(v 3+v,) + H,0 ﬁ’i’i’, H,0(v,,) + H,0 + 1575 em! 15)

where the notation »; 5+, refers to a reservoir (i.e., "level” 7) of the equilibrated », +», and
v3+v, levels. The rate constants for relaxation of the v, ;+», reservoir are the
Boltzmann-weighted averages of the rate constants for relaxation of the two individual
combination levels. Finally, relaxation of the 35, level to the stretching reservoir is described
by

kss,n,o

H,003v,) + H,0 HO(v,) + H,0 + 911 cm™ . (16)
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Energy defects in Eqs. (13) through (16) are given for the »,+w, initial level and the v, final
level where appropriate.!® The rate constants in Eqs. (14) through (16) are the sum of the rate
constants for relaxation to the two individual final stretching levels. The path-specific relaxation
processes in Egs. (12) through (16) are not the complete set, but are sufficient for the present
discussion. We also define kg \s and ky s as the total relaxation rate constants (i.e., the sum
over the complete set of path-specific rate constants) for the 3v, level and the v, 3+, reservoir,
respectively.

Vibrational relaxation of the stretch-plus-bend combination levels was investigated in
H,O/Ar mixtures, following direct laser excitation to the H,O(v3+»,) level. Fluorescence was
observed on the 2.7 um, v3+v,-»», hot band through an H,O cold gas filter. Fluor=<cence on
the »3—0 fundamental band was obtained by subtracting the signal observed through the
H,O-pressurized, cold gas filter from the signal observed through an evacuated filter for the
same gas sample. Fluorescence at 2.7 um on the »;+»,-», and »;—0 transitions is expected
to be very weak because of the much smaller band strength of the transitions (i.e., factor of
15-20'3:2%), The v;+r,~>v, fluorescence signal was found to be a fast, single exponential decay
with a low intensity, slowly decaying tail attributed to a small leakage of »;—0 (and »;—0)
fluorescence through the cold gas filter. The peak amplitude of the slow tail was only 5-10%
of the peak amplitude of the »;+»,—v, fluorescence, and the slow decay time was identical to
the slow decay time of the »;—0 fluorescence signal. The »;—0 fluorescence signal was found
to have a fast rise time similar to the fast decay time of the »;3+»,-»», fluorescence, followed
by a much slower single exponential decay. The relaxation rate constant of the fast v;3+vy—>p,
fluorescence decay and the rate constant of the slow »3-0 fluorescence decay are plotted in
Figure 3 as a function of the mole fraction of H,O in Ar. The slope and intercept of the
least-squares linear fit to the v3+»,-»», fluorescence decay data give the value listed in Table
1 as the total rate constant ky g, for relaxation of the v, 3+, reservoir by H,O and the upper
limit listed for kg Ar- The fit to the slow »3—0 fluorescence decay data gives a rate constant
for relaxation by H,0O which is identical (+2%) to the rate constant k3 H~0 for relaxation of
the v, 5 reservoir determined previously by direct excitation of HyO(»). 4 iow signal-to-noise
precluded any detailed investigation of the initial, rapid equilibration between the »,+», and
v3+v, levels either by direct laser excitation of »;+wv,, or by the use of very low sample
pressures.

We interpret the rate constant measured here for relaxation of the »;+v,—v, fluorescence
as the rate constant for relaxation of a reservoir consisting of the equilibrated »;+», and »;+v,
vibrational levels. By analogy with relaxation of the »; and »4 streiching levels, it is likely that
equilibration between the nearly resonant, Coriolis-coupled », +», and v3+», combination levels
is faster than relaxation out of the two levels to other states. The lower limit on the rate
constant for equilibration between the », and », levels in H,O/H,O collisions! is a factor of 2
faster than the rate constant measured here for relaxation of the »;+v,-»», fluorescence by H,O.
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Figure 3. H,0 Vibrational Relaxation in H,O/Ar Mixtures. The observed
rate constants are for relaxation of the v 5+, ([J) and »; 3 (O) reservoirs. The
lines are error-weighted, least-squares linear fits to the data.
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Also, if equilibration between v, +», and v3+», requires only a few collisions with Ar as theory
indicates for the fundamental stretching levels,!” then equilibration due to collisions with Ar
would be several times faster than the »;3+v,—>», fluorescence relaxation rates measured at the
low mole fractions of H,0O used in these experiments. It should be noted that if equilibration
between the combination levels is not faster than the observed relaxation rate of the v;+v,-»»,
fluorescence, then the observed relaxation rate can be interpreted as either the rate for relaxation
of v3+v, to levels other than »;+»,, or a lower limit on the rate for relaxation of »;+», to
levels other than v3+»,.

Assuming that the two combination levels relax in equilibrium, the relative intensities of
the »;»0 and v4-+v,—, fluorescence signals can be used to determine the fraction of the rate
constant for relaxation of the »; 3+», reservoir by H,O which is due to direct, one-step
relaxation to the v, 3 reservoir. For self-relaxation the ratio of the time-integrated fluorescence
intensities is given by

]'1“ oDd
0

/
TRvgevyvy Km0 | Kre 0 Kes 1,0 . ko * ko

a7
e Trv0 Kuo| kno Kemo kno
flv’wz‘vz @ dt Ry, M, 2 2 2
0

The radiative lifetimes 7 on the hot band and fundamental band are assumed to be equal, using
the harmonic oscillator approximation. The experimental value for the ratio of the integrated
fluorescence intensities was 1.5 +0.4 for H,O mole fractions greater than 0.01, where
relaxation was entirely (>99%) by H,O. The integrated fluorescence ratio implies the upper
limit, 0.40 > (k'73,H20 + k73,H 0)/k7,H20- Thus, less than 40% of the total relaxation rate
constant is due to relaxation direct?y to the », 5 reservoir. Conversely, more than 60% of the
total relaxation rate constant is due to relaxation to final states involving only the bending mode
and the ground level.
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IV. DISCUSSION

Vibrational relaxation of H,O by HCl is very similar to relaxation by H,O itself. The
probabilities per collision for relaxation of the »; 5 stretching reservoir, the 2», level, and the
v, level by HCl are large and differ from the H,O self-relaxation probabilities by factors of only
3.6, 2.7, and 2.2, respectively. The dominant paths for relaxation of the H,O(» 3) stretching
reservoir are similar for the two collision partners. Intermolecular V-V relaxation of the », 5
reservoir by H,O itself (i.e., Eq. (8)) and by HCI (i.e., Eq. (10)) is a minor factor compared
to intramolecular relaxation to the 2», level, which proceeds with roughly the same
exothermicity (i.e., Eq. (1)). As the results in Table 2 indicate, the intramolecular path is
several times more efficient than the intermolecular path for both collision partners (i.e.,
k32 HCl/k3V HCl > 7 and k32 H O/k3l HAO > 5). It is noted that the V1,3—’2V2
self-relaxation process in Eq. (8) may m principle be either intramolecular, or intermolecular;
however, the intramolecular process seems the least complicated and most likely. Another more
striking similarity between the H,0O and HCI collision partners is found in the relaxation of the
‘H,0(2»,) vibrational level. Nearly resonant, intermolecular, V-V relaxation of the 2», level
by H,0 itself (i.e., Eq.(9)) and by HCI (i.e., Eq. (11)) is surprisingly not the major relaxation
path. In both cases the near resonant intermolecular path accounts for at most a small fraction
of the total relaxation rate constant (i.e., k2V HCl/kz HCl < 0.15 and k21 H O/k2 H20 <
0.3). Relaxation of the 2», level by both COlllSlOl'l partners is dominated by e much more
exothermic V-T,R relaxation of a single bending quantum (i.e., Eq.(4)).

The similarity of the relaxation probabilities and dominant paths for relaxation of H,0
by H,0 and HCI are presumably the result of similar collision dynamics. H,O and HCl are
strong to moderate hydrogen bonding molecules with heats of dimerization of ~ 6 kcal/mol and
~2 kcal/mol, respectively.!?> The dominant influence of the attractive part of the
intermolecular potential is seen in the large magnitude and negative temperature dependence of
the self-relaxation probabilities of both molecules near room temperature and below.2424 The
importance of rotational motion has also been demonstrated in deuteration studies of the
self-relaxation of both molecules.3*?2 Assuming that the attractive forces between H,0 and HCI
are similar in strength and rotational anisotropy to those of the H,O/H,O and HCI/HCI
interactions, one would expect attraction and rotational motion to dominate the relaxation of H,0
by HCI. 1t is aiso likely that the temperature dependencies of the probabilities for relaxation of
H,O by HCl and other hydrogen halides are qualitatively similar to those for H,0
self-relaxation.

The relative unimportance of intermolecular V-»V processes in the relaxation of the », 5
and 2», levels of H,O by H,O and HCl is probably the result of the extraordinary efficiency of
competing intramolecular and V-»T,R paths, rather than anomalously small probabilities for
intermolecular V-»V transfer. By analogy with single quantum, intermolecular V-»V energy
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transfer probabilities in the strongly hydrogen bonding HF molecule?®?7 and other hydrogen

halides,25-? it seems likely that the intermolecular V-V processes for relaxation of H,O by H,0
and HCI require at least 10-100 collisions for exothermicities of 0-500 cm™!. By these rough
estimates the intermolecular V-»V probabilities would be large, but nevertheless significantly
smaller than the measured total relaxation probabilities for the », 3 and 2», levels of H,0.
Relaxation of the »; 5 level by H,O and HCI is dominated by efficient intramolecular V-V
relaxation to the 2, level. The v and 2», vibrational levels of H,O are Coriolis-coupled and
the », and 2», levels are Fermi-coupled in the isolated molecule with large mixing coefficients
for some rotational states.3® The relaxation data suggest that collisions with strong rotational
anisotropy and/or strong attractive forces mix the triad of vibrational states very efficiently
leading to rapid intramolecular relaxation of the stretching levels to the bending overtone level,
as well as extremely rapid relaxation between the Coriolis-coupled »; and »5 stretching levels.!
Relaxation of the 2», level by H,O and HCl is dominated by V-T,R relaxation to the », level.
The extraordinary magnitude of the probability for V-»T,R self-relaxation of the H,O bending
vibration has been explained by theories which include the effects of the strong attractive
potential and rotational motion.12-13 It is likely that the same factors contribute to rapid V-T,R
relaxation of H,0 bending motion by HCI.

Vibrational relaxation of H,O by H, is 1-2 orders of magnitude less efficient than
relaxation by H,O or HCI. The lower efficiency of H, probably reflects the absence of strong
attractive forces between H, and H,O. Relaxation by H, may be induced primarily by the
repulsive part of the intermolecular potential. Some data for the relaxation of H,O by molecules
which do not hydrogen bond are available for comparison with the H, results. The probability
per hard sphere collision for relaxation of the H,O(v; 3) reservoir by H, is approximately the
same as the probabilities measured for relaxation by N, and O,, and is approximately an order
of magnitude larger than the probability for relaxation by He.2 Considering the inefficiency of
intermolecular V-»V transfer from H,0, it seems likely that relaxation by N, and O, is
predominantly intramolecular, as the experiments indicate is the case for relaxation by H,.
Therefore, the three diatomic molecules must have similar efficiencies for collisionally mixing
the H,O stretching and bending overtone levels and removing the exothermicity of the relaxation
process, presumably to some extent through the diatomic rotational degree of freedom. The
probability for single bending quantum, V-T,R relaxation of the 2», level is a factor of ~6
larger for H, than for relaxation by He.? In simple, repulsive-potential, energy transfer theories,
the larger probability for H, can reflect both the higher translational speed of H, and the
participation of H, rotational motion in the relaxation process. A comparison of the probabilities
for relaxation of D,O(»,) by D, and He has suggested that the rotation of D, participates
significantly in V->T,R relaxation of the water bending vibration.3 The same is probably true
for relaxation of the 2, and », levels of H,O by H,.

The rate constant for relaxation of the H,O(»; 5+»,) combination level reservoir by H,O
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is nearly gas kinetic. Direct relaxation to the v, 3 stretching reservoir through intermolecular
V-V transfer of a bending quantum (i.e., Eq.(14)) and V-T,R relaxation of a bending quantum
(i.e., Eq. (15)) is demonstrated experimentally to account for < 40% of the rate constant. The
result is consistent with very rough estimates of the rate constants for the bending quantum V-»V
transfer and V-T,R relaxation processes, based on the self-relaxation rate constants for the
analogous processes in Egs. (9) and (6), respectively. The dominant path (> 60%) for
relaxation of the combination levels is to final states involving only pure bending levels and the
ground level. Assuming intermolecular V-V processes are relatively inefficient, the most likely
relaxation process would seem to be intramolecular relaxation of the combination levels to the
3v, bending overtone. The v;+wv,, v3+v,, and 3w, levels of H,O are mixed by Coriolis and
Fermi interactions in the isolated molecule.3! The mixing coefficients are similar to those for
the lower energy triad of levels {»,, v3, 21,}.

The rate constant for relaxation of the v, ;+», combination level reservoir to the
manifold of bending levels is several times faster than the rate constant for the analogous
relaxation of the ») 5 stretching reservoir to the bending manifold. The latter rate constant is
also slower than the rate constants for V-»T,R equilibration among the bending levels. The
result suggests that the combination levels communicate more efficiently with the bending levels
and hence with translation and rotation than do the fundamental stretching levels. In some
nonequilibrium  situations, the v 3+, reservoir, and perhaps higher combination levels
involving the stretching vibrations, may be characterized by vibrational temperatures more
closely aligned with the bending mode vibrational temperature and the translational/rotational
temperature than with the vibrational temperature of the fundamental stretching levels.
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